The optical properties ofpraseodymium-doped glasses have attracted considerable attention recently for their potential application as a 1 .3 micron optical amplifier. As a result, novel glass compositions are being developed and known glass forming systems are being revisited in the quest for a low-phonon-energy glass which may lead to an efficient amplifier. We report here on our spectroscopic evaluation of a series of lowphonon-energy glasses based on halides and sulphides. These results, though driven by the desire for a practical amplifier, provide insight into the application of these glasses not only for telecommunications applications, but also an understanding of the overall optical properties of a lowphonon-energy glass. Using Raman spectroscopy, the vibrational characteristics of the glass host are determined. These results are confirmed through infrared measurements and with phonon sideband measurements. In this way, the non-radiative properties of the rare earth doped glass can be predicted. Absorption measurements across the visible and infrared allow evaluation of the intrinsic loss of these glasses when in fibre form, as well as providing an indication ofglass purity. Fluorescence ofPr3-doped glasses, through excitation ofthe 3P0, D2 and 'G4 levels, is measured along with the fluorescence lifetimes. These radiative properties are compared to those predicted by a Judd-Ofelt analysis, which has been performed on all glasses. In this way, this work provides an overall spectroscopic evaluation ofthe optical properties of low-phonon-energy glasses, leading the way towards a practical device.
INTRODUCTION
Driven by the quest for a practical and efficient 1 .3 micron amplifier, praseodymium-doped low-phonon energy glasses have recently attracted considerable attention19. Initial interest in fluoride glass optical fibres doped with praseodymium, the PDFA, was generated in 1 99 1 with the announcement of a 1 .3 micron amplifier operating with a gain of over 1 0 dB13 . This host was extremely inefficient however, with a gain coefficient of less than 0.1 dB/mW, compared to the 1 1 dB/mW achieved with an erbium-doped amplifier operating at 1 .55 microns'°. This work however led to a concerted effort to improve the efficiency through a series of modified ZBLAN and more recently InF3-based glasses, now realized in fibre form4. In addition, other glasses, whose decreased non-radiative rates are expected to favour 1 .3 micron amplification through a long fluorescence-lifetime are being explored59. Among these, sulphide glasses based on GaS3 attracted attention as a promising alternate host for the rare-earth praseodymium. For this high index glass, radiative rates are also increased leading to the highest expected quantum efficiencies69.
In our labs and in collaboration with partners in the European Community, we have fabricated and spectroscopically evaluated a wide series of low phonon energy glasses based halides and chalcogenides. Over two hundred bulk samples, of varying composition and p3 concentrations have been achieved. Fluoride glasses based on zirconium and hafnium11, gallium and indium'2; chloride and mixed halide glasses based on cadmium'314; and sulfide glasses formed from gallium, aluminium or germanium'516 were included in this analysis. Understanding of the radiative and non-radiative properties ofthese glasses for applications at 1 .3 microns, leads naturally to an overall understanding of the properties of a low-phonon-energy host, for applications in the second telecommunications window, and also across the visible and infrared spectrum. 
LOW-PHONON-ENERGY GLASSES
In many cases, the search for a low-phonon-energy glass begins through some qualitative knowledge of the physical and optical properties of the potential host. Good transmission in the infrared, a low glass transition temperature and high atomic weights among the glass formers all suggest the possibility of a low-phonon-energy. Principal considerations for a practical device are phonon-energies less than that ofZBLAN (580 cm'), transparency in the visible and NIR, and thermal properties which give fibre drawing a reasonable chance of success. Early work on optical materials for infrared transmission, applied to long-haul telecommunications and short-distance laser power distribution has provided a wealth of possibilities, some of which have already been realized in fiber form'7'9. of this study, basic properties are presented in Table 1 .
Additional glasses studied in the course of this work include mixed halides based on GaF3 and HfF4, pure chloride glasses based on cadmium, sulphide glasses based on A12S3 and GeS2 and chalcohalides. Throughout this review, we identify our glass samples by the main component of the glass which represents 30 to 100 mol% ofthe composition. Dopant concentrations are given in ppm, defined by the total relative weight of the rare earth compound in the sample. Our evaluation of glasses as a potential low-phonon-energy host for praseodymium begins with the application of the Szigeti relation which provides an indication of the maximum-phonon-energy by approximating the vibrational frequency of the fundamental modes of a glass structure by a linear diatomic molecule consisting of two point masses22
Here f is the restoring force between the cations and anions for the glass former (e.g. Cd and F) and t is their reduced mass, given by m1m2/(m1 +m2). Although only approximating the complex glass structure which makes up a multicomponent low-phonon-energy glass, this simple relationship provides an indication of the trend to lower phonon energies for a material formed from high-atomic-weight ions that are weakly bound.
When working within a family of glasses, for example, the halides, the trend towards lower phonon-energies is indicated by combining the clues provided by the Szigeti relation, Tg and the position of the infrared edge. Table  2 provides this data for our series of halide glasses and compares the maximum phonon energy measured by Raman spectroscopy, as described in the next section, to these basic properties.
Some exceptions to the general trends are observed. Substitution of hafnium (atomic weight = 178) for the lighter zirconium (atomic weight = 91 .2) results in little change in phonon energy. On the basis of the difference in reduced mass differences, a shift in maximum phonon energy of 25 cm1 is expected, however no such shift is observed. In this case the mass of the lighter fluorine anion is so much less than either the zirconium or hafnium that substitution of either has little influence on the relative motion. Essentially, the dominant mode of vibration is fixed by the vibrations of fluorine atoms around a fixed cation23. This is a general trend for glasses containing a heavy and light ion combination and frequently limits the degree to which the maximum phonon energy of a glass can be reduced without substituting the lighter ion for one with a higher atomic weight. Mixed halide glasses such as those based on CdF2 and CdC12 provide such a substitution. Raman spectra were taken on a commercial triple grating micro-Raman spectrometer. Excitation was typically at a wavelength of 5 14.5 from an Ar ion laser. The pump laser and the backscattered Raman signal were guided to and from the sample through an adapted microscope, the microscope objective providing a spatial resolution of a few microns24. This allowed measurement on small, unpolished samples or directly onto the fibre core. Figure 1 (a) shows the Raman scattered signal from an indium fluoride based glass. In this multicomponent glass, only the vibration at 5 1 0 cm' corresponding to the glass former is resolved, as the structure associated with the stretching and bending modes of the glass modifiers overlap and are obscured. We note a half width of approximately 80 cm' for this peak, which is typical for the fluoride glasses. Shown in figure 1(b) is the phonon energy for a mixed halide where contributions from both the halide glass formers, cadmium fluoride and cadmium chloride are observed. In contrast, figure 2 shows the vibrational spectrum of a GaS3:LaS3 based glass. Again the peak associated with the maximum phonon energy clearly dominates, being broad with a full width at half maximum of over 1 50 cm' . Previous studies25 of this glass define the maximum phonon energy of the glass at 350 cm' . This can lead to a lower calculated non-radiative rate than is observed experimentally9. Our recent measurements on crystallized samples, shown in figure 2 reveal an internal structure to this broad peak and reveal a possible maximum phonon energy of 425 cm . Similar observations are made for Al253 and Ge52 based glasses, with maximum phonon energies of 500 cm' and 445 cm, respectively. Maximum phonon energies of the remaining glasses in this study are given in table 2.
In addition, Raman spectroscopy provides, to some degree, a method of impurity analysis. Figure 3 reveals fluorescence due to impurity rare-earth ions26. Figure 2 reveals the fundamental vibration of 502 at 526 cm', a common oxide impurity in a sulphide glass27.
Non-Radiative Decay Rates
A detailed analysis of Raman data can provide considerable insight into the structure and properties of a glass, however it has been said that Raman spectra are easy to make but difficult to interpret17. For the purpose of an evaluation of non-radiative decay rates, it is often sufficient and relt'ely simple to identify the vibration and its Relative Wavenumber (cm1) Relative Wavonumber (cm-1)
energy which corresponds to the glass former. A rule of thumb which can quickly reveal the propensity of a host to multiphonon decay follows from the number of phonons required to bridge the energy gap to the next lowest level28 p = iE/hv (2) where hv is the maximum phonon energy and AE is the energy gap to the next lower energy level. The highest energy and/or most strongly-coupled phonon are expected to make the dominant contribution to multiphonon relaxation. For example with fluoride glasses, p < 4, multiphonon decay completely dominates, with relaxation times less than a microsecond. For p = 5-6, multiphonon emission still dominates, but non-radiative lifetimes of 10's to 100's ofmicroseconds are observed. For p > 7, millisecond lifetimes are achieved and radiative decay mechanisms begin to contribute or may dominate.
The multiphonon emission in the f-f transitions of rare-earth ions in solids has been described by a number oftheoretical treatments29. For practical applications, the phenomenological theory applied by Reisfeld25 is convenient to implement from experimentally measured maximum phonon energies. For a given host at a room temperature, multiphonon decay rates have an exponential dependence where cx and B are experimentally determined parameters which are constant for a given host and independent of the particular rare earth ion. Here a, related to the electron-phonon coupling constant, is relatively constant among all hosts. For ZrF4-and GaS3-based glasses, it is 5.2 x iO cm and 2.9 x iO cm, respectively, indicating a lower electron-phonon coupling constant in the sulphide based glass. In contrast, B* can vary over several orders of magnitude, although within a family of glasses, for example the oxide glasses, it remains within an order of magnitude. For ZrF4-and GaS3-based glasses, logioB* 8.0 and 5.1 respectively25.
In figure 4 we plot non-radiative decay rates of the 'G4 level for the various glasses in this study. For ZrF4 and GaS3 glasses, the a and B* parameters given above are used. For the remaining fluoride and sulphide glasses, we make the assumption that a and B* are approximately constant within their respective glass family. It is clear that the mixed halide and sulphide glasses emerge with the lowest non-radiative rates and thus are the leading candidates for efficient lasing and amplification. For these glasses approximately 7 phonons are required to bridge the 'G4 -3F4 energy gap.
Phonon Sideband Measurements
According to the theory of multiphonon decay, the larger the electron-phonon coupling constant, the larger the rate ofnon-radiative decay. By phonon sideband measurements, E and g can be measured directly. In addition, this technique reveals information directly relevant to the ion within its site in the glass structure. Sidebands arise as the result of phonon-assisted absorption and appear as small additional peaks on the shorter wavelength side of the main emission peak. The wavelength difference between the main peak and side-band corresponds to the energy of the phonons directly interacting with the ion. The relative areas of these two peaks yields the coupling constant. Unlike Raman spectroscopy, side-band measurements are difficult to implement and are facilitated by doping with Eu3, with its simpler Stark structure30, rather than
We have prepared a series ofEu3-doped glasses and phonon sideband measurements are in progress. Figure  5 shows the result of a side-measurement performed on the cadmium mixed halide glass. The excitation spectra were measured by monitoring the 5D0 -7F0 fluorescence as the sample was pumped by a rhodamine dye laser between 565 and 580 nm. The figure reveals an effective maximum phonon energy of 280 cm' compared to the peaks of 240 cm1 and 370 cm1, corresponding to Cd-Cl and Cd-F obtained by Raman spectroscopy. The electronphonon coupling constant is calculated using g = S IPSB(P)dP I J 1PET(')' (4) where 'PSB the intensity of the phonon sideband and 'PET is the intensity of the purely electronic transition, in this case centred at 580 nm. 
UV-VIS-NIR Spectroscopy

ABSORPTION SPECTROSCOPY
The absorption spectrum from the UV to near IR of undoped and heavily doped samples was measured at room temperature using a white light, dual beam, double grating spectrometer. Measurement range was 190-3200 nm with a resolution of 0.25 nm. A polished bulk glass sample was placed in one path, and the reference path was either empty, contained an identical sample of reduced thickness or an identical undoped sample of the same thickness. In the first of the above three cases, transmission was corrected for reflection from the sample endfaces. Figure 6 shows the absorption spectrum of in a fluoride (HfF4) and sulphide (GaS3) glass. Among the halide glasses, little difference between the absorption bands is found. Peak positions are identical though there is variation in the peak areas, ie. the integrated absorption coefficient and thus the oscillator strengths, as calculated in the next section. Table 3 provides the absorption peak positions for these two families of glasses. Transmission measurements through a polished bulk sample provide the first indication of the suitability of a host for application in the visible and near infrared. Unfortunately, the trend to lower phonon energies parallels a shift in the ultraviolet cut-off towards the JR. For upconversion lasers and optical amplifiers operating in the second telecommunications window, this is of critical concern. In section 5.4 we combine this UV-VIS-NIR data with that obtained further into the infrared and determine the total useful transmission range of our glasses. The transitions which occur between the ground state 4f configuration of the trivalent rare earth can be accounted for by a theory developed by both Judd31 and Ofelt32. They have show that the possibilities for electricdipole transitions can be expressed as sum of a small number of terms involving parameters which contain the strength of the configuration mixing. In the Judd-Ofelt (J-O) theory, the electric dipole oscillator strength of a transition of average frequency v from a level J to a level J' is given by ftaf;bJD = 
Here c is the speed of light, N is the number of active ions per unit volume and OD(A) is the optical density. By fitting the experimental oscillator strengths given by equation (7) to the theoretical oscillator strength given by equations (5) and (6), the parameters are derived. Table 4 presents the experimental oscillator strengths for our series of halide glasses, as calculated by equation (7) . The corresponding J-O parameters are given in Table 5 . When applied to the 4f electrons ofthe pr3 ion however, J-O theory often results in poor agreement between its theoretical predictions and experimental results3439. This is seen both in the large deviation between the measured and calculated oscillator strengths and by the difficulty experienced in fitting the 3H4 -3P2 and H4 -hypersensitive transitions. In many of these cases, the J-O parameters which define the transition probabilities take on negative values, a case which has no physical meaning. Kornienko39 has modified the Judd-Ofelt model to take into account the dependency of the J-O approximation on the higher energies of these manifolds. In this model, electron correlation effects are not considered and the electric-dipole line strength is given by: S(aJ,bJ') = e2 E=2,4,6 '[1 aJIIUtllhh (8) which replaces equation (6) . Here ' are the modified J-O parameters and a is a parameter that for Pr3 has a value on the order of 1 cm' . Also introduced are E and the energies of aJ and bJ' levels respectively and E°f which is the energy of the centre of gravity of the 4f' configuration. For Pr3, this has a value of 9940 cm'.
Comparison of the measured oscillator strengths for CdF2/CdCl2 glass with those calculated by the two methods is made in Table 6 . Modified Judd-Ofelt parameters for the halide glasses are presented in Table 5 . For sulphide based glasses, modified theory was not applied. The results given in tables 5 and 6 show two advantages to the modified J-O treatment. First, Judd-Ofelt parameters are now all positive. This leads to the elimination of negative radiative rates and branching ratios. Second, there is an improvement in experimental fit between measured and calculated oscillator strengths, without the need for neglecting the hypersensitive 3P2 level as is almost always the case for doped glasses. 
3.9
The optical properties of the glasses such as radiative rates, total radiative lifetimes and branching ratios for all transitions can be calculated directly from the J-O parameters. Herein lies the strength and usefulness of the JuddOfelt theory. From measurement of a few absorption bands, all the radiative properties of an ion in a host can be derived, generally to an uncertainty of 20%.
The spontaneous emission probability can be estimated using the R parameters and the expression:
A(a.J;bJ")= 64it2v3 n(n2+2)2s where AbJ' a the radiative transition probabilities from level a to level b, and the summation is over all terminal levels. Branching ratios for each level follow directly from the radiative lifetimes. 
Infrared Spectroscopy and Intrinsic Loss
Infrared absorption and transmission measurements were performed on a commercial Fourier transform infrared spectrometer (FTIR). Resolution was 4.0 cm over the measurement range 6500' to 400 cm' (1 .5-25 tim). Figure 7 shows the results of a measurement performed on an undoped sample of GaS3 glass. Many impurities commonly found in halide and sulphide glasses have their fundamental absorptions in the wavelength range covered by these instruments40. Table 7 identifies some of the principal impurity absorptions. We note that oxide impurities in the form of OH-and S042 dominate in this sulphide glass.
The total intrinsic optical attenuation can now be expressed in the familiar fofm45:
where A1, A2, B1 , B2 and C are constants. The first two terms are determined by fitting the experimental absorption spectra obtained in the visible and infrared to an exponential. The first term represents UV edge, the second the IR edge arising from multiphonon absorption. The third term represents Rayleigh scattering and is given by the characteristic X-4 wavelength dependence with the constant C given by C = 8/3ir3(n2-1)2ikTg (12) where n is the refractive index, 3 is the isothermal compressibility, k = 1 .3 8 x 1023 Nm/K is Boltzman' 5 constant and Tg is the glass transition temperature of the glass. Determination ofthe absolute intrinsic loss minimum therefore requires knowledge ofmechanical properties,
which are not often conveniently obtained. The compressibility of glasses is low however, and is not expected to vary significantly. Values for the Youngs modulus and bulk modulus ofa series ofhalide glasses has been tabulated by Drexhage'9. For the mixed cadmium halide, we approximate 3 2.0 x iO kbaf', which is the value for ZrF4-based glasses. For our sulphide glasses, we use the value for GeS2 based glasses41, 3 8.54x iO kbaf'. In any case, as the V-curves to follow will show, even two orders ofmagnitude difference in this term will have a negligible effect on the position of the loss minimum and the total minimum loss at 1.3 microns. It would appear that a relatively high value for Tg would be a disadvantage compared to other lower Tg chalcogenide glasses. However, Nishii42 shows that defect related mid-gap absorptions limit the transmission loss in chalcogenides and thata low glass transition temperature is a distinct disadvantage since this leads to high defect formation. The total intrinsic loss, obtained using equation (1 1), is shown in figure 8 , for the CdF2/C12 and GaS3 glasses. For chalcogenide glasses in general, there is some speculation, however, as to whether minimum loss for chalcogenides is determined by the Rayleigh scattering limit, or by a weak absorption tail extending from the UV edge43 . In addition, in multicomponent glasses such as these, compositional variations may contribute more to Rayleigh scattering than equation (12) indicates44.
FLUORESCENCE MEASUREMENT
Fluorescence Spectra
The fluorescence spectra were obtained by pumping with either a Ti:Sapphire laser tuned to the peak of the 1G4 ground state absorption, a dye laser tuned to the 'D2 level or by an argon ion laser pumping into the 3P manifold, and then analyzing the emission on an optical spectrum analyzer. By chopping the signal with an acousto-optic modulator and directly detecting the decay of the fluorescence intensity, the lifetime of these levels could be determined. Figures 9-11 provide fluorescence spectra obtained from excitation at 1020, 514.5 and 497.6 nm, respectively. Figure 1 1(a) shows a low-temperature fluorescence measurement, obtained by pumping into the 3P manifold while maintaining a sample temperature of 4 K through liquid helium cooling45. In contrast to the room temperature emission shown in figure 1 1(b) , a broad visible luminescence is observed completely covering the visible spectrum.
The origin of this luminescence is defects in the glass structure, attributed to sulphur loss, and caused by uncoordinated atoms or dangling bonds46. Implications of this defect structure are not clear but they may be detrimental in two ways. First, as acting as sites for non-radiative quenching of the excited rare-earth ion and second, contributing to a weak absorption which may contribute to the intrinsic loss. Wavelength (nm) Figure 11 . Photolumlnescence and3 Po fluorescence observed at (a) 4K and (b) room temperature for Ga2S 3glass. Table 8 summarizes the results of measurements of the decay time after excitation of the 'G4 manifold. Pump wavelength was chosen to maximize the intensity of the 1 .3 im emission. The emission lifetime is defined as Tm S I(t)dt I 1(0) (13) which, for a perfectly exponential decay, corresponds to the l/e intensity decrement. For non-exponential decay, the measured lifetime tm defined by (13) provides an average of the different e-folding time.
Measured Lifetime
In Table 9 , we compare the measured 'D2 lifetime with that obtained by both Judd-Ofelt standard and modified theory. For this level, the lifetime is completely dominated by radiative decay. It is clear from these results the superiority of modified Judd-Ofelt theory over the standard theory, in predicting the radiative lifetimes. 7.1 Quantum Efficiency
TOTAL DECAY RATES
For an excited level of a rare earth ion in any glass, the observed fluorescence decay rate (Wm) is governed by the rate of radiative emission (WR), the multiphonon decay rate (Wnr) and the rate of energy transfer to quenching centres (WET). We can write Wm WR + Wnr + WET or Tm TR + nr 1iTET (14) where Tm iS the measured lifetime and 'rR, tnr and -rET are the lifetimes corresponding to the radiative rates. In the absence of any impurities and quenching centres, and for ion concentrations sufficiently low so that ion-ion interaction is negligible, the measured lifetime should then follow directly from the sum of the radiative and nonradiative rates. Table 10 photons emitted radiatively to the total number of pump photons, this is calculated from the ratio of the radiative to total decay rate. Our theoretical quantum efficiencies are based on the calculated radiative and non-radiative rates, our experimental quantum efficiencies use the measured rate and the total calculated rate. Figure 12 plots the measured and calculated quantum efficiencies for the glasses studied. 
Quenching
As the Pr3 concentration increases beyond about 1 000 ppm wt, quenching of the fluorescence through ionion interaction sets in. This undesirable energy transfer mechanism sets an upper limit to the maximum ion concentration in the glass. Figure 1 3 plots the measured lifetime as a function of p3 concentration for a GaS3 glass. A similar dependence was obtained by Ohishi3 for Prtdoped ZBLAN. These results indicate that independent of the host, ion-ion interacts limit the maximum concentrations to under 1000 ppm of For the 'G4 transition, this necessitates fibre lengths of a minimum of about 1 0 m3, in order to achieve sufficient pump absorption. Figure 14 shows the influence of OH-content on the measured lifetime for GaS3 glass. Impurities, as identified by FTIR, are known to act as quenching centres for an excited ion. In particular, through FTIR measurements, we have quantified the relationship between 0H peak height at 3 .0 microns and the measured lifetime.
Clearly, 0H plays a role in quenching, probably through the 011 combination band centred at 1.38 microns.
Extrapolating the line to the intercept yields the expected total rate for complete elimination ofOH, in this case, 3546 sec' or 282 tsec.
SUMMARY
In summary, we have fabricated and spectroscopically evaluated a series ofhalide and sulphide glasses doped with p3 This paper reviews the procedure we have used to assess the suitability ofthese low-phonon-energy glasses to applications at 1.3 microns. The procedure and results though, are applicable to the study of all transitions and thus other applications of these or related glasses. 
